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Characterization of Si  pn junctions fabricated by direct wafer bonding
in ultra-high vacuum
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The electrical characteristics qfn junctions formed by direct bonding of silicon wafers in
ultra-high vacuum have been quantified. The bonding process produces low reverse kedkage
wAlcm? and near-ideal forward current. The observation of bulk-like bonded interfaces is supported
by transmission electron microscopy and infra-red transmission imagingl998 American
Institute of Physicg.S0003-695(98)02409-7

Direct bonding of semiconductor materials, maifil0 is very attractive. Adsorbed gasé@sydrogen in the case of
Si wafers, has been studied by several grdufghe impact  hydrophobic surfac@sand contaminants can be largely re-
that direct wafer bonding will have on the semiconductormoved from the surface prior to bonding. Once this atomi-
industry, however, depends on the electrical properties of theally clean surface is prepared, the driving force for bonding
interface, which is an area that has had only limitedis large since the surface energy of unpassivated Si is very
attention>~° To date, direct wafer bonding has encompassedigh[1.36 J/nf (Ref. 10]. On the(001) Si surface, the slight
many pre- and post-bonding processing techniques. Hydraeduction in surface energy produced by {2 1) recon-
phobic bonding is preferred over hydrophilic bonding for struction appears to not impede the bonding process and the
low temperature processing, since the latter requires higheconstruction is readily broken. This may not be true for
temperatures to dissolve the interfacial oxide into the bulk S{111) surfaces which undergo more complicated reconstruc-
and to reduce the associated electronic barrier. Hydrophobigon [e.qg.,(7X 7)]. In this work, UHV bonding has been in-
bonding, however, is susceptible to void formation throughvestigated angn diodes have been fabricated and charac-
creation of gas bubbles thought to be hydrogen diffusing taerized. Physical characterization techniques, including
hydrocarbon contamination sites and subsequent formatiogross-sectional transmission electron microscapEM),
of methané A recently demonstrated bonding technique thatcrack propagation measurements, and infra¢h@gimaging,
removes hydrogen from the hydrophobic surface utilizesyvere also performed.
ultra-high vacuum(UHV) annealing prior to bonding.In Several 75 mm Si wafer types were used for the bonding
that work, bonding was also performed in UHV near roomexperiments. Fopn junction fabricationn™ substrates with
temperature. In this work, a similar process is used to fabrin-epitaxial layerg4.5 um, 1.5x 10'° cm™3) were bonded to
catepn junctions where the metallurgical junction and the p* (0.01 ) cm) substrates. Alternately, psubstrateg10
bonded interface are coincident. The electrical properties of) cm) were bonded for process characterization. The follow-
the junctions are characterized. ing hydrophobic cleaning procedure was used: nitric acid

The goal of this work is to reduce process temperaturegoil and de-ionized wate(Dl) rinse followed by a standard
both prior to and following wafer bonding, since an impor- SC-1 and DI rinse followed by a 30 s 10:1 DI:HF dip. The
tant application of low temperature wafer bonding is the fab-HF-last process was always performed without a DI rinse
rication of double-sided power devic# process tempera- following the HF dip. The wafers were mounted in a spe-
tures are maintained below 450 {€Intering temperature of cjally designed Ta substrate holder and wafer separation was
Al:Si contacts, fully processed devices could be bonded af-maintained by a single 0.125-mm-thick Ta clip that could be
ter appropriate back side processifgg., lapping and pol- manipulated from outside the UHV chamber. Following
|Sh|ng) The use Of barl’iel’ metals WOUId increase the San:'eaning and mounting the Wafers were |mmed|ate|y intro_
temperature to 500-550 °C. This certainly precludes hydrogyced into the UHV chamber via a cryo-pumped fast entry
philic bonding which requires anneal temperature$200  |padlock. The base pressure of the cyro- and ion-pumped
°C.* Hydrophobic bonding also requires anneal temperatureghambper was 10'° Torr or better. After mounting in a Ta
in excess of 600 °C to allow the H to diffuse away from the heater assembly the separated wafer pair was baked for 1 hr
interface and complete the bondfrajthough incomplete re- at 200 °C. After baking the wafer temperature was ramped
moval of H apparently does not preclude device quality i”'quickly to ~550 °C at which point a sharp pressure increase
terface formatior. (up to 2<10 8 Torr), representing the desorbing hydrogen,

From the standpoint of creating ideal bonded interfacegyas observedt Heating was ceased and the wafers were
using low temperature processes, the UHV bonding processonded at various temperatures following the hydrogen de-
sorption step by removing the Ta clip separating the wafers
dElectronic mail: hobart@estd.nrl.navy.mil as the target temperature was reached. The bonding process
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rate approximately 8Qum/min) for 30 s followed by a DI
rinse to remove damage produced by the sawing process.
The Au metallization was unaffected by the etching step.
Alternatively, Al was deposited after sawing and etching by
using an angled evaporation process which effectively shad-
owed the junction area due to the high aspect ratio of the
trench.

The bonding process was characterized by IR imaging,
TEM, and crack propagation measurements following re-
moval from the UHV chamber. IR imaging was performed
with a charge coupled devic€CD) camera and tungsten-
halogen lamp. IR imaging of the as-bonded wafers often
showed no voids but typically a few were obserysde Fig.

1). The voids that were observed were presumably due to
particulates and not gas bubbles as no hydrogen remained on
the surface during bonding. The low number of observable
voids was surprising since the cleaning and loading of the
FIG. 1. Infrared transmission image of 75 mm wafer pair bonded in UHV. substrates were not performed under clean room conditions.
Crack propagation measureméntsere performed to char-
was observed in one case with an IR transmission imagingcterize the interface energy. Wafer delamination was not
setup. Once the Ta clip was removed, wafer bonding wagossible and only three-dimensional fracture occurred at the
immediate and spontaneous. In no case was external presswvafer edge. Although inconclusive, the results indicate a
applied to the wafer pair to initiate bonding. very high bond strength was achieved by this bonding tech-

Devices were prepared using a special mesa fabricationique. The quality of the bonded interface was further stud-
process. First Pt:Au metallization was deposited on both suiied by high-resolution cross-sectional TEM. Figui@2s a
faces. The wafers were quartered and the diodes were isdEM micrograph showing the interface region of a wafer
lated by forming deep 4450 wm) trenches on a regular pair that was bonded at approximately 350 °C after desorb-
grid. The trenches were produced with a 0.002 in. diamondng H at ~550 °C. The interface is smooth and the respec-
saw. Following a partial sawing process the wafers werdive lattices appear to be in registry. The quality of the inter-
etched in a solution of 3:5:3 HF:HNGCH;COOH (Si etch ~ face appears to be a strong function of wafer cleaning. Figure

FIG. 2. High resolution cross-sectional transmission electron micrografd af‘clean” bonded interface antb) a carbon contaminated bonded interface.



Appl. Phys. Lett., Vol. 72, No. 9, 2 March 1998 Hobart et al. 1097

temperature directly bondguh junctions®® Since the bond-

ing was performed at low temperature with no subsequent
annealing step, no diffusion is expected; it is believed that
the bonded junction is abrupt and coincident with the metal-

10

1071 lurgical junction. The ideality of the forward current was
= determined by a least squares fitlts | ,9V/"kT. The least
= squares fit yielded an ideality factar, of 1.18. This repre-
g‘o'a sents the lowest reported ideality for low temperature bonded
O

junctions and is indicative of low recombination at the
bonded interface.
Summarizing, it has been demonstrated that low tem-
perature bonding under UHV conditions produces a near-
10712 . , , . , ideal, bulk-like interface. Through TEM characterization, it
-5 -4 -3 Voltége " -1 0 1 has been shown thgt surface preparation mus.t be performed
carefully to prevent interface roughness. Electrical character-
FIG. 3. Current-voltage characteristics opa junction fabricated by UHV  ization of pn junctions formed by UHV bonding at low tem-
direct wafer bonding. perature indicates low defect density at the bonded interface.
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